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The members of the transforming growth factor-b (TGF-b) superfamily are secreted proteins that interact with cell-surface
receptors to elicit signals that regulate a variety of biological processes during vertebrate embryogenesis. Alk2, also known
as ActRIA, Tsk7L, and SKR1, encodes a type I TGF-b family receptor for activins and BMP-7. Initially, Alk2 transcripts are
detected in the visceral endoderm of gastrula stage mouse embryos, suggesting a signaling role in extraembryonic tissues
during development. To study the role of Alk2 during mammalian development, Alk2 mutant mice were generated. After
embryonic day 9.5 (E9.5), no homozygous mutants were recovered from heterozygote matings. Homozygous mutants with
morphological defects were first detected at E7.0 and were smaller than controls. Morphological and molecular examination
demonstrated that Alk2 mutant embryos formed a primitive streak, although abnormally thickened, and were arrested in
their development around the late streak stage. These gastrulation defects were rescued in chimeric embryos generated by
injection of Alk2 mutant embryonic stem (ES) cells into wild-type blastocysts. This rescue of gastrulation defects was also
bserved in chimeric embryos generated by aggregation of Alk2 homozygous mutant ES cells with tetraploid wild-type
mbryos. However, at E9.5, these embryos that were completely ES-derived also had defects. In contrast, chimeric embryos
enerated by injection of wild-type ES cells into Alk2 mutant blastocysts did not show rescue of the gastrulation defects.
These results suggest that signaling through this type I receptor is essential in extraembryonic tissues at the time of
gastrulation for normal mesoderm formation and also suggest that subsequent Alk2 signaling is essential for normal
development after gastrulation. © 1999 Academic PressKey Words: gastrulation; mesoderm; TGF-b gene family; signal transduction.
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Members of the transforming growth factor-b (TGF-b)
superfamily play important roles during embryogenesis in
various organisms (Wall and Hogan, 1994; Hogan, 1996;
Whitman, 1998). The bone morphogenetic proteins (BMPs),
decapentaplegic, 60A, screw, growth and differentiation
factors (GDFs), and nodal compose a large subfamily and
activins and inhibins compose another subfamily of the
TGF-b superfamily (Kingsley, 1994). BMPs were originally
1 Present address: Cobra Therapeutics Ltd., The Science Park,
University of Keele, Keele, Staffs, ST5 5SP, UK.(2 To whom correspondence should be addressed. Fax: 713-794-
394. E-mail: bhr@molgen.mda.uth.tmc.edu.
314dentified by their ability to cause bone differentiation
Urist, 1965). However, recent studies, particularly loss of
unction experiments in the mouse, indicate that members
f the BMP subfamily play critical roles during mesoderm
ormation and organogenesis (Kingsley et al., 1992; Zhou et
l., 1993, 1996, 1998; Storm et al., 1994; Dudley et al., 1995;
uo et al., 1995; Winnier et al., 1995; Zhang and Bradley,
1996; McPherron et al., 1997; Solloway et al., 1998). Ac-
ivins are also believed to be important for mesoderm
nduction (Asashima et al., 1990; Smith et al., 1990; Thom-
en et al., 1990). However, mice that are activin-deficient
o not show gastrulation defects. Instead, they have abnor-
alities of the craniofacial region and reproductive organsVassalli et al., 1994; Matzuk et al., 1995a).
The TGF-b superfamily members bind to two distinct but
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315Activin/BMP Receptor Mutant Micerelated membrane bound Ser/Thr kinase receptors (type I
and type II receptors) for their signal transduction (Mas-
sague´, 1996; Derynck and Feng, 1997). Upon ligand binding,
both type I and type II receptors form heteromultimers
(Wrana et al., 1992). The specificity of signaling is primarily
determined by type I receptors (Ca´rcamo et al., 1994).
Moreover, constitutive active forms of type I receptors can
mimic signals from the ligand–receptor complex in the
absence of ligands or type II receptors (Wieser et al., 1995).
Interestingly, the specificity of ligand binding is altered by
the combination of type I and type II receptors (Massague´,
1996). Seven type I receptors or activin receptor-like kinases
(ALKs) have been identified in vertebrates (Heldin et al.,
1997). The specificity of ligand binding of each type I
receptor in combination with various type II receptors and
their resulting signaling has been extensively studied. Based
upon these studies, it is thought that Alk5 is a type I
receptor for TGF-b and Alk3 and Alk6 are type I receptors
or BMPs (Franzen et al., 1993; ten Dijke et al., 1994a,b;
ishitoh et al., 1996). Two type I receptors, Alk2 and Alk4
alternatively known as activin type IA receptor, ActRIA,
sk7L, or SKR1 and activin type IB receptor, ActRIB, or
KR2, respectively) have been shown to bind to activins in
ombination with activin type II receptors (Attisano et al.,
993; Ebner et al., 1993; Matsuzaki et al., 1993; ten Dijke et
l., 1993). However, Alk2 can also interact with BMP-7 in
he presence of the type II BMP receptor (ten Dijke, 1994b;
amashita et al., 1995). In addition, the specificity of
ignaling mediated by Alk2 suggests that Alk2 may be a
ype I receptor for BMPs. BMPs act as ventralizing factors
uring frog development to activate ventral mesodermal
arker genes such as Xhox3 (Dale et al., 1992; Jones et al.,
992). This ventral marker gene expression can be activated
y overexpression of a constitutive active form of Alk2
caAlk2), suggesting that Alk2 transduces BMP-like signals
Armes and Smith, 1997; Suzuki et al., 1997). In addition to
arget genes, downstream proteins in the signal transduc-
ion pathways provide insights for the specificity of TGF-b
superfamily signaling. Smads are downstream targets of
TGF-b superfamily signals and are directly phosphorylated
y type I receptors. Biochemical studies show that BMP
ignaling through Alk3 is mediated by Smad1 and Smad5,
hereas activin/TGF-b signaling through Alk4 and Alk5 is
ediated by Smad2 and Smad3 (Massague´, 1996; Whitman,
998). In frog embryos, it has been demonstrated that
aAlk2 can phosphorylate Smad8 that is closely related to
mad1 and Smad5, whereas caAlk4 phosphorylates Smad 2
nd Smad3 (Chen et al., 1997). These observations have also
een confirmed in mammalian cells by phosphorylation of
mad1, Smad5, and Smad8 by caAlk2 (Macias-Silva et al.,
998). These studies suggest that Alk2 transduces BMP-like
ignals rather than activin signals that are distinct from
lk4 signaling.
Recently, two mouse mutants for type I receptors in the
GF-b superfamily have been generated by gene targetingn ES cells (Mishina et al., 1995; Gu et al., 1998). Alk4-
deficient mice show an early embryonic lethality before
i
g
Copyright © 1999 by Academic Press. All rightgastrulation and the organization of the egg cylinder is
affected (Gu et al., 1998). This is in striking contrast to the
activin type II receptor or type IIB receptor mutant mice
because they develop normally until the midgestation stage
(Matzuk et al., 1995b; Oh and Li, 1997). The phenotype of
lk4 mutant mice is similar to that of nodal mice (Conlon
et al., 1994; Varlet et al., 1997), suggesting that nodal may
be one of the ligands for Alk4 at the time of gastrulation (Gu
et al., 1998). Evidence for genetic interaction between nodal
and Smad2 suggests that nodal signals are mediated by Alk4
and Smad2 (Nomura and Li, 1998). In contrast, Alk3-
deficient embryos develop normally to the egg cylinder
stage, but subsequently the epiblast has a reduced prolifera-
tive ability prior to gastrulation and the mutant embryos
die without mesoderm formation (Mishina et al., 1995).
Most Bmp4-deficient embryos do not proceed beyond the
egg cylinder stage (Winnier et al., 1995), suggesting that
BMP4 signals are mediated by Alk3 at gastrulation. Inter-
estingly, although Alk3-deficient egg cylinder stage em-
bryos can form teratomas with tissues of mesodermal
original, their ability to form some mesodermal tissue types
is restricted (Mishina et al., 1995). This is in contrast to
Alk4-deficient cells that still retain their ability to form
mesodermal tissues (Gu et al., 1998). These studies suggest
that BMP signaling is important for mesoderm induction
and differentiation during mouse embryogenesis.
To understand the role of signaling through Alk2 in
mammalian embryogenesis, we generated Alk2 mutant
mice. Alk2 mutant embryos died soon after gastrulation.
The primitive streak formed but was thickened and the
embryos arrested at the late streak stage. Chimera experi-
ments suggest that Alk2 signaling is required in extraem-
bryonic tissues during gastrulation and also later for normal
development of the embryo. Based on these studies, we
propose that Alk2 transduces BMP-like signals rather than
activin signals during mouse gastrulation that are distinct
from Alk3 or Alk4 signaling.
MATERIALS AND METHODS
Generation of the Alk2 mutant mouse. KpnI 59 (1.4 kb) and
coRI/SacI 39 (3.4 kb) fragments were isolated from a 129/SvEv mouse
enomic library to construct a replacement gene targeting vector (Fig.
A). A PGK-hprt expression cassette was inserted between the two
lk2 regions and an MC1tkpA herpes simplex virus thymidine kinase
xpression cassette was added onto the long arm of homology.
wenty five micrograms of linearized targeting vector was electropo-
ated into 107 AB-2.2 ES cells. One hundred HAT/FIAU-resistant ES
ell clones were initially screened by BamHI digestion and hybridized
ith a unique 39 probe. Correctly targeted clones were then expanded
or further Southern blot analysis by HindIII digestion and hybridiza-
ion with a unique 59 probe. Two correctly targeted ES cell clones
ere identified. These ES cell clones were microinjected into
57BL/6J blastocysts, which were then transferred to the uterine
orns of pseudopregnant females. The resulting male chimeras were
red with C57BL/6 mates, and Alk2 heterozygous offspring were then
nterbred. E9.5 and older embryos from heterozygote matings were
enotyped by Southern blot of yolk sac DNA. Earlier-stage embryos
s of reproduction in any form reserved.
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316 Mishina et al.were genotyped by PCR with the Alk2-specific primers 59-
ATGCTAGACCTGGGCAGCCATA-39 and 59-CATGCTAGCAGC-
TCGGAGAAAC-39 and the hprt primer 59-GAGACTAGTGAG-
ACGTGCTACT-39.
For RNA analysis, total RNA was extracted from ES cells
cultured without feeder cells. RNA was reverse-transcribed and
PCR was followed with the primers specific for Alk2,
59-GAACGAGGACCACTGTGAAG-39 and 59-CGCTCTTGAT-
TGCGCGTCTC-39 and the hprt-specific primers 59-CCTGCT-
GGATTACATTAATGCACT-39 and 59-GTCAAGGGCATAT-
CCAACAACAAA-39.
Whole-mount and sectioned in situ hybridization. Whole-
mount in situ hybridization was performed according to the
protocol described by Conlon and Rossant (1992). The following
digoxygenin-labeled probes were used for the whole-mount in situ
hybridization studies: Brachyury (Herrmann, 1991), Cerr1 (Shawlot
et al., 1998), Hnf3b (Sasaki et al., 1993), Lim1 (Barnes et al., 1994).
FIG. 1. Mutation of the Alk2 locus. (A) Strategy for targeted muta
1995). Boxes, Alk2 exons; thick line, introns. (Middle) Detail of th
(solid box) encodes the transmembrane domain. Shaded boxes, Al
expression cassette that introduces novel HindIII and BamHI restri
rrows beneath HPRT and TK indicate the direction of transcriptio
he restriction fragments detected by these probes in wild-type DN
he sizes of the restriction fragments detected by the Southern pro
K) KpnI, and (S) SacI. (B) Southern analysis of genomic DNA isolate
S clones (Nos. 74 and 93). (Left) HindIII-digested ES cell DNA hybr
re shown. (Right) BamHI-digested ES cell DNA hybridized with th
B2.2, wild-type ES cell line.Histological analysis. Embryos were processed for histological
analysis as described by Kaufman (1990). Briefly, the embryos were
Copyright © 1999 by Academic Press. All rightfixed in Bouin’s fixative, dehydrated, and embedded in paraffin.
Seven-micrometer-thick transverse sections and 5-mm-thick sagit-
tal sections were cut and stained with hematoxylin and eosin
(H&E).
Generation of Alk2 mutant ES cell lines and mouse chimera
studies. Male mice heterozygous mutant for Alk2 and hemizy-
gous for Rosa26 (Friedrich and Soriano, 1991) were mated with
Alk2 heterozygous females and blastocysts were collected to gen-
erate ES cell lines (Robertson, 1987). The resulting ES cell lines
were genotyped by Southern blot and stained for b-galactosidase
(b-gal) activity (Hogan et al., 1994). Euploidy was verified by
counting Giemsa-stained chromosomes (Hogan et al., 1994). Alk2
mutant ES cells that were Rosa26 positive were injected into
blastocysts obtained from wild-type Swiss female mice (Taconic).
Chimeric embryos were recovered at E8.5 or E9.5 and processed for
b-gal staining. To generate chimeric embryos that had an Alk2
mutant extraembryonic region and wild-type embryonic ectoderm,
of the Alk2 locus. (Top) Structure of the Alk2 locus (Schmitt et al.,
2 locus showing exons 4–6 and the gene-targeting vector. Exon 4
omologous regions used in the targeting vector; HPRT, PGK-hprt
sites; TK, MC1-tk expression cassette for negative selection. The
ach cassette. The unique Southern probes are shown. The sizes of
e shown above the locus. (Bottom) Structure of the targeted locus.
in the targeted locus are shown. (B) BamHI, (E) EcoRI, (H) HindIII,
ES cell lines. Correct targeting events are shown for two different
d with the 59 probe. The 5.3-kb wild-type and 1.9-kb mutant bands
probe. The 10.5-kb wild-type and 7.5-kb mutant bands are shown.tion
e Alk
k2 h
ction
n of e
A ar
bes
d from
idizeAlk2 heterozygous mice were mated and blastocysts were ob-
tained. Alk2 heterozygous mutant or wild-type ES cells were
s of reproduction in any form reserved.
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318 Mishina et al.injected into these blastocysts and chimeric embryos were recov-
ered at E8.5 or E9.5. Parietal endoderm was obtained from retarded
embryos for PCR genotyping and the rest of each embryo was
processed for b-gal staining. For tetraploid chimeras, two-cell-stage
embryos from Swiss mice were electrofused using a CF150 impulse
generator (Biomedical Laboratory Services), cultured overnight in
M16 medium to the 4-cell stage, and aggregated with ES cells (Nagy
et al., 1993). Aggregates were cultured overnight in M16 medium to
the blastocyst stage and transferred into the uterine horns of foster
females. Chimeric embryos were recovered at E9.5 and processed
for b-gal staining.
RESULTS
Generation of an Alk2 Mutant Allele in the Mouse
Germline
Alk2 is expressed in most adult mouse tissues and also
any tissues in midgestation embryos (ten Dijke et al.,
1993; Verschueren et al., 1995). RT-PCR analysis after germ
ayer separation demonstrates that Alk2 is expressed in the
isceral endoderm at E6.5 and in both the visceral
ndoderm and mesoderm at E7.5 (Roelen et al., 1994). We
onfirmed that Alk2 was expressed in the visceral
ndoderm layer at E7.5 by in situ hybridization (data not
shown). After gastrulation at E8.5, Alk2 is expressed in
heart, head mesenchyme, and extraembryonic tissues, in-
cluding the extraembrynoic mesoderm-derived allantois
but was not detected in embryonic ectoderm or embryonic
mesoderm (Gu et al., 1999).
The mouse Alk2 gene is encoded by 10 exons and spans
approximately 40 kb (Schmitt et al., 1995; Fig. 1A). To
mutate the Alk2 gene in mouse ES cells, we generated a
argeting vector that deletes 3.1-kb of Alk2, including exon
, by replacing it with a PGK-hprt expression cassette (Fig.
A). When the vector is homologously recombined with the
ndogenous gene, novel HindIII and BamHI sites are intro-
uced (Fig. 1A). Correctly targeted clones can therefore be
etected by the presence of an additional 7.5-kb mutant
ragment when digested with BamHI and hybridized with a
9 probe or by the presence of a 1.9-kb mutant band when
igested with HindIII and hybridized with a 59 probe (Fig.
B). Correct targeting deletes exon 5, which encodes the GS
ox that is essential for kinase activity (Wrana et al., 1994).
t was predicted that this mutation would functionally
nactivate Alk2. Two correctly targeted ES cell clones
uccessfully contributed to the germline of chimeric mice
enerated by blastocyst injection.
Early Embryonic Lethality in Alk2 Mutant Mice
Although the removal of the GC box inactivates the
kinase activity, there is a possibility that the targeted allele
may produce truncated protein which may retain some
Alk2 functions. To document this, we obtained blastocysts
from mating of Alk2 heterozygous mutant mice to generate
homozygous mutant ES cell lines for RNA analyses. RT-
PCR was performed with primers specific for exon 3 and
Copyright © 1999 by Academic Press. All rightexon 4 (see Materials and Methods). A 390-bp band that
represents the Alk2 transcript was detected in wild-type,
heterozygous, and homozygous mutant ES cells (data not
shown). These results indicate that the mutant allele is
transcribing mRNA that potentially encodes a truncated
form of Alk2. However, excess amounts of the truncated
protein, if they exist, may be required to act in a dominant
negative manner, and the following genetic results suggest
that the targeted allele is recessive. First, mice heterozy-
gous for the Alk2 mutation appeared normal and were
fertile. Second, 47 (54%) wild-type offspring and 40 (46%)
heterozygous offspring were obtained from matings be-
tween Alk2 heterozygous and wild-type mice. Third, 93
(35%) wild-type offspring and 174 (65 %) heterozygous
offspring were obtained from matings between heterozy-
gotes and no homozygous mutants were recovered among
the progeny born. These results demonstrate that the Alk2
mutation caused a recessive embryonic lethality.
To characterize this embryonic lethality, timed matings
of heterozygotes were established and the resulting em-
bryos were dissected free of maternal tissues and genotyped.
Abnormal or degenerating embryos were recovered between
E7.0 and E8.5 (Fig. 2). At E7.0, about one-quarter of the
embryos at this stage were approximately half the size of
the normal embryos (Fig. 2A). At E8.0, advanced normal
embryos had already formed head folds, whereas no orga-
nized structures were observed in the abnormal embryos,
and they were much smaller and had generated empty sacs
composed of parietal endoderm (Fig. 2B). Genotype analysis
by PCR revealed that all of the morphologically abnormal
embryos that were recovered from the heterozygote mat-
ings between E7.0 and E8.5 were homozygous for the Alk2
mutant allele, and all of the normal embryos were either
wild-type or heterozygous.
The mutant embryos were characterized in more detail
by histological analysis. At E7.0, mutant embryos did not
show overt abnormalities except a smaller size (data not
shown). At E8.0, control embryos developed the three
primary embryonic cavities, head folds, and embryonic and
extraembryonic mesodermal tissues such as the allantois
(Fig. 2C). Although the size of the parietal yolk sac of the
mutants was almost the same as that in controls, the size of
the embryonic regions were less than half (Fig. 2D). The
primitive streak had formed but was thickened, forcing the
posterior epiblast into the proamniotic cavity (Figs. 2D, 2F,
and 2G, asterisks). Mesodermal wings were also formed but
they did not reach the most anterior portion of the embryo
(Figs. 2F–2H, arrowheads). There was no histological evi-
dence of allantois formation (Fig. 2D). These results indi-
cate that mesoderm formation is initiated in Alk2 mutant
embryos, but their development is arrested around the
mid/late streak stage (Down and Davies, 1993). The Alk2
mutant phenotype is less severe than the phenotypes of
Alk3 or Alk4 mutant embryos because the Alk3 and Alk4
mutants do not form a primitive streak (Mishina et al.,
1995; Gu et al., 1998).
Molecular marker analyses were performed on embryos
s of reproduction in any form reserved.
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319Activin/BMP Receptor Mutant Micefrom Alk2 heterozygous crosses to analyze the formation of
mesoderm. Brachyury is normally expressed in the primi-
tive streak from E6.5 (Herrmann, 1991). However, no
Brachyury expression was observed at E7.0 for all 6 abnor-
mal embryos, while all 11 normal embryos were positive for
Brachyury expression (data not shown). At E8.0, 4 of 14
abnormal embryos expressed Brachyury, but the expression
domain was restricted to a small posterior region (Fig. 3A,
middle). However, most of the abnormal embryos did not
express Brachyury (Fig. 3A, right). Thus, even though the
mutants had a thickened primitive streak, Brachyury ex-
pression was either reduced or undetectable. Hnf3b is also
normally expressed in the primitive streak at E6.5 and
expression persists in the axial mesoderm after gastrulation
(Sasaki and Hogan, 1993). However, expression of Hnf3b in
6 abnormal embryos was undetectable at both E7.0 (data
ot shown) and E8.0 (Fig. 3B). In contrast, another early
esoderm marker, Lim1 was expressed at both E7.0 and
8.0 (Figs. 3C and 3D). As shown in Figs. 3C and 3D, two
xpression domains were observed in the mutant embryos
arrowheads and small arrowheads). Histological analysis of
-mm sections after whole-mount in situ hybridization
revealed that two expression domains were the primitive
streak and anterior visceral endoderm that are the same as
normal embryos (data not shown). These results suggest
that the development of Alk2 mutant embryos is arrested
around the mid/late-streak stage. Cerr1 is normally ex-
ressed in the anterior visceral endoderm and may be a
ownstream target of Lim1 (Shawlot et al., 1998). Expres-
ion of Cerr1 in Alk2 mutant embryos was detected in
nterior visceral endoderm that was similarly placed but
xpanded in comparison to the control embryos (Fig. 3E).
hese results indicate that mesoderm formation is initiated
n Alk2 mutant embryos and some aspects of anterior–
osterior polarity are established, but their development is
rrested at the late streak stage and mesoderm is not fully
ifferentiated.
Alk2 Acts in Extraembryonic Tissue during
Gastrulation
Because Alk2 is expressed in visceral endoderm (Roelen
et al., 1994; data not shown), we hypothesized that Alk2
signaling may be essential in the extraembryonic endoderm
at the time of gastrulation. To address this question, several
types of mouse chimeras were generated and analyzed. Alk2
omozygous or heterozygous mutant ES cell lines were
stablished from blastocysts obtained from intercrosses of
lk2 heterozygous mice. We also used the Rosa26 (Freder-
ick and Soriano, 1991) marker to monitor the contribution
of ES cells by b-gal staining. In total, 26 ES cell lines (9
wild-type, 13 heterozygous, and 4 homozygous mutants)
were established from 183 blastocysts. Alk2 homozygous
mutant ES cells that had a diploid chromosome count were
injected into wild-type Swiss blastocysts and chimeric
embryos were recovered at E9.5. Chimeric embryos that
had a low contribution of Alk2 homozygous mutant cells
r
o
Copyright © 1999 by Academic Press. All rightwere morphologically normal (Fig. 4A). Embryos that had
high contribution of Alk2 homozygous mutant cells that
were recovered at E9.5 had an elongated anterior-posterior
axis, but were retarded and did not turn and had defects
throughout the body axis that were most severe in the
posterior portion of the embryo (Fig. 4B). Chimeric embryos
generated by injection of Alk2 heterozygous mutant ES
cells into wild-type blastocysts did not show these abnor-
malities even with a very high contribution of Alk2 het-
erozygous cells (data not shown). Because ES-derived cells
preferentially colonize the embryonic regions of these chi-
meras, these results suggest that the gastrulation defects of
the Alk2 homozygous mutant embryos can be rescued by
wild-type extraembryonic tissues.
To further support this idea, Alk2 heterozygous mutant
ES cells were injected into blastocysts obtained from Alk2
heterozygous mouse intercross. One-quarter of the blasto-
cysts should be Alk2 homozygous mutants, and, therefore,
the resulting chimeras will be Alk2-deficient in their ex-
traembryonic tissues. Thirty-nine chimeric embryos with a
high contribution of Alk2 heterozygous ES-derived tissues
were obtained at E8.5 or E9.5 and 10 of them (;25%)
showed retarded development (Figs. 4C and 4D). The ex-
traembryonic regions of these 10 chimeric embryos were
genotyped as homozygous mutant for Alk2. Histological
analysis revealed that these embryos were arrested at the
mid/late-streak stage similar to Alk2 homozygous mutant
embryos (Fig. 4E). These results indicate that Alk2 is
essential in extraembryonic tissues at the time of gastrula-
tion.
It was not clear whether the rescue of the gastrulation
defects in the chimeras generated by injection of Alk2
homozygous mutant ES cells into wild-type blastocysts was
exclusively due to wild-type Alk2 function in the extraem-
bryonic tissues or also because of the contributions of
wild-type cells to the embryo proper. To address this
question, we generated chimeric embryos derived from
tetraploid wild-type embryos and Alk2 homozygous mu-
tant ES cells. Because tetraploid cells almost exclusively
contribute to the extraembryonic region, embryos com-
pletely derived from ES cells can be generated (Nagy et al.,
1993). Tetraploid chimeric embryos derived from Alk2
heterozygous mutant ES cells were recovered at E9.5 and
were morphologically normal (Fig. 5A). Tetraploid chimeric
embryos derived from Alk2 homozygous mutant ES cells
were also recovered at E9.5 (Fig. 5B). The allantois had
formed (Fig. 5C, large arrowhead) as well as the yolk sac and
amnion (Fig. 5C, small arrowheads). The exclusive contri-
bution of ES cells to the embryo proper was confirmed by
b-gal staining and no unstained cells were found by analysis
of 7-mm sections (Figs. 5D and 5E, data not shown). These
results indicate that the wild-type extraembryonic region
can rescue the gastrulation defect of Alk2 mutant embryos.
nterestingly, the embryos completely derived from Alk2
omozygous mutant ES cells had a severely reduced poste-
ior region like the chimeric embryos derived by injection
f Alk2 homozygous mutant ES cells into wild-type blasto-
s of reproduction in any form reserved.
320 Mishina et al.Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
i
H
g
i
a
C
A
A
A
a
D
c
t
o
s
e
a
S
a relat
(
321Activin/BMP Receptor Mutant Micecysts shown in Fig. 4B (Figs. 5B, 5C and 5E). The anterior
region was comparatively normal relative to the posterior
region (Figs. 5F and 5G). Two independent Alk2 homozy-
gous mutant ES cell lines showed the same phenotype.
These results demonstrate that Alk2 signaling is essential
FIG. 3. Whole-mount in situ hybridization analysis of molecular m
err1 (E) at E7.0 (C) or E8.0 (A, B, D, E) in presumptive Alk2-homozy
, two mutant embryos are shown. The middle one expressed Brach
rrowhead in A, C, and D, expression in the primitive streak; arrowh
and B, expression in notochord; small arrowhead in C and D, expre
FIG. 4. Chimera analysis of Alk2 mutation. (A, B) Chimeric em
wild-type blastocysts. Contribution of ES cells was monitored by b
high (B) contribution of ES-derived cells at E9.5 is shown. The ch
) Chimeric embryos derived by injection of Alk2 heterozygous m
ontribution of ES cells was monitored by b-gal staining. The gros
hat are normal (C) or retarded (D) at E8.5 is shown. The parietal end
FIG. 5. Chimeric embryos derived by aggregation of wild-type t
derived from Alk2 heterozygous mutant ES cells at E9.5. (B, C
mutant ES cells at E9.5. Contribution of ES cells was monitored b
xtraembryonic tissues and Alk2 homozygous mutant embryo
llantois (large arrowhead). The solid lines in B indicate the a
even-micrometer sections were stained with H&E. The anterior
nd otic vesicles (arrowhead), whereas the posterior region (G) is
A–E) or 250 mm (F, G).f Alk2. (E) Transverse section of a embryos shown in D. The solid line in
treak. Bar, 1 mm (A, B) or 250 mm (C–E).
Copyright © 1999 by Academic Press. All rightn the extraembryonic region at the time of gastrulation.
owever, Alk2 signaling is dispensable in the epiblast for
astrulation. These results also suggest that Alk2 signaling
n the embryo region is necessary for proper development
fter gastrulation, and this is a cell-autonomous action.
s. Expression patterns of Brachyury (A), HNF3b (B), Lim1 (C, D), and
mutant embryos (right) compared with normal littermates (left). For
and the right one did not. For B, three mutant embryos are shown.
E, expression in the anterior visceral endoderm; small arrowhead in
in the anterior visceral endoderm. Bar, 250 mm.
s derived by injection of Alk2 homozygous mutant ES cells into
taining. Gross morphology of chimeric embryos with a low (A) or
c embryo shown in (B) had a severely reduced posterior region. (C,
t ES cells into blastocysts from Alk2 heterozygous matings. The
rphology of chimeras with a high contribution of ES-derived cells
of the embryo shown in D was genotyped as homozygous mutant
loid embryos and ES cells. (A, D) Gross morphology of embryos
Gross morphology of embryos derived from Alk2 homozygous
al staining (D, E). (C) A chimeric embryo composed of wild-type
issues developed a yolk sac, amnion (small arrowheads), and
imate positions of the transverse sections shown in E and F.
n (F) is relatively normal, showing the neural tube (*), heart (ht),
ively undifferentiated and the neural tube is open (*). Bar, 1 mmarker
gous
yury
ead in
ssion
bryo
-gal s
imeri
utan
s mo
odermetrap
, E)
y b-g
nic t
pprox
regioD indicates the approximate position of the section. PS, primitive
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322 Mishina et al.DISCUSSION
The data presented here show that Alk2 homozygous
mutant embryos die soon after gastrulation. Alk2 mutant
mbryos arrest in their development around the late streak
tage. Mesoderm formation is initiated in the mutant
mbryos and anterior–posterior polarity is initiated, but the
rimitive streak is thickened and the expression of a subset
f mesodermal marker genes is altered. Chimera studies
how that Alk2 signaling is essential for extraembryonic
unction during gastrulation. These studies also suggest
hat Alk2 signaling is also important for proper develop-
ent in the embryo after gastrulation.
Mesoderm Differentiation Abnormalities in Alk2
Mutant Embryos
The expression levels of Brachyury and Hnf3b were very
ow or undetectable in the Alk2 mutants. It has been
emonstrated that Brachyury (T/T) mutant cells have less
igratory ability (Yanagisawa and Fujimoto, 1977; Yanagi-
asa et al., 1981; Hashimoto et al., 1987). In addition,
chimera studies using T/T ES cells revealed that T/T cells
accumulate in the primitive streak in late-streak-stage
embryos (Wilson et al., 1995). Thus, the thickened primi-
tive streak of the Alk2 mutant may be due in part to the
reduced expression of Brachyury. However, Brachyury mu-
tants die at E10.5 with posterior defects (Herrmann et al.,
1990), whereas Alk2 homozygous mutant embryos die
much earlier. Thus, the reduced expression of Brachyury
may contribute to the Alk2 mutant phenotype but other
factors are involved.
Hnf3b mutant embryos develop a severe constriction at
the embryonic–extraembryonic junction at E6.5 and elon-
gation of primitive streak is disrupted and they die at E9.5
without a definitive node or notochord (Ang and Rossant,
1994; Weinstein et al., 1994). Hnf3b is expressed in the
extraembryonic endoderm, and the severe constriction ob-
served in mutant embryos is rescued by wild-type extraem-
bryonic endoderm in ES cell-tetraploid chimeras (Dufort et
al., 1998). A similar constriction was not observed in our
Alk2 mutant embryos, suggesting that the expression levels
of Hnf3b in the Alk2 mutants is low, but may be sufficient
o prevent the formation of the constriction.
The gastrulation defects in Alk2 homozygous mutant
mbryos were rescued by wild-type extraembryonic tissues;
owever, the embryonic region of the chimeras still showed
efects that were most severe in the posterior body portion.
t has been demonstrated that BMP signaling is important
or ventral–posterior mesoderm development in frog em-
ryos (Dale et al., 1992; Jones et al., 1992; Graff et al., 1994;
uzuki et al., 1994). Bmp4-deficient embryos die between
6.5 and E9.5 with variable phenotypes. Interestingly, the
mp4-deficient embryos that reach the early somite stage
ave more severe defects in the posterior part of body
imilar to the Alk2 chimeric embryos generated in this
tudy (Winnier et al., 1995). Taken together, we suggest
Copyright © 1999 by Academic Press. All righthat Alk2 transduces BMP-like signals in the posterior
mbryo proper after gastrulation.
T/T mutant mice show posterior defects (Herrmann et
l., 1990). However, Brachyury expression was detected in
he notochord but apparently not the tail buds of E9.5
mbryos that were completely derived from Alk2 mutant
S cells (tetraploid chimeras) (data not shown). Brachyury
rotein was also detected in notochord and tail bud of
mp4-deficient embryos (R. Dunn and B. L. M. Hogan,
ersonal communication). These results suggest that the
osterior defects observed in the Alk2 chimeric embryos are
lso due to other targets of Alk2 signaling.
Alk2 Ligands and Signals
Although Alk2 was originally isolated as an activin type
I receptor (Attisano et al., 1993; Ebner et al., 1993; ten Dijke
et al., 1993, 1994a), it can interact with BMP-7 in the
presence of the BMP type II receptor (ten Dijke, 1994b;
Yamashita et al., 1995). Several lines of evidence using a
constitutive active form of Alk2 in frog embryos and
cultured mammalian cells suggest that Alk2 transduces
BMP signals instead of activin signals (Armes and Smith,
1997; Suzuki et al., 1997; Macias-Silva et al., 1998). These
results suggest that BMPs may be ligands for Alk2 that are
essential during gastrulation.
However, Bmp7 mutant mice do not show gastrulation
defects but die soon after birth due to kidney malformations
(Dudley et al., 1995; Luo et al., 1995), suggesting that other
ligands must interact to Alk2 at the time of gastrulation.
Bmp2 is expressed in the extraembryonic mesoderm cells
lining, the chorion, and the amnion at E7.5 and highly
expressed in the allantois at E8.5 (Zhang and Bradley, 1996).
Because Bmp2-deficient embryos die at E8.5 with extraem-
bryonic abnormalities that include the failure of the fusion
of the preamniotic folds (Zhang and Bradley, 1996), BMP-2
might be one of the ligands of Alk2 in this extraembryonic
region. There are no reports that BMP-4 can bind to Alk2;
however, there are some similarities between the Alk2
mutants and Bmp4-deficient embryos (Winnier et al., 1995;
Lawson et al., 1999). For example, the Alk2 homozygous
mutants did not form an allantois, a phenotype of Bmp4
mutants. Bmp4 expression is detected in the extraembry-
onic mesoderm, including the allantois (Lawson et al.,
1999), the tissue in which Alk2 expression is also detected
(Gu et al., 1999). The prominent posterior defects of Bmp4-
deficient embryos and the prominent posterior defects of
the Alk2 chimeric embryos shown here suggest that BMP-4
might be a ligand of Alk2 in the extraembryonic mesoderm
after gastrulation.
Possible Function of Alk2 Signaling
in Extraembryonic Tissues
Recent studies suggest that extraembryonic endoderm
plays important inductive roles for embryonic ectoderm
development (Thomas and Beddington, 1996; Acampora et
s of reproduction in any form reserved.
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323Activin/BMP Receptor Mutant Miceal., 1995). Alk2 is expressed in extraembryonic endoderm at
he time of gastrulation and the chimera studies presented
ere support the idea that Alk2 plays critical roles in the
xtraembryonic region at the time of gastrulation. There is
ccumulating evidence that TGF-b superfamily members
lay important roles in the extraembryonic region. It has
een shown that nodal expression in visceral endoderm is
ritical for patterning of the anterior axis (Varlet et al.,
997). smad2- or smad4-deficient embryos die without
esoderm formation and the extraembryonic region is also
bnormal (Yang et al., 1998; Nomura and Li, 1998; Sirard et
al., 1998; Weinstein et al., 1998). smad2 mutant embryos
eported by another group can develop mesodermal tissues,
ut the anterior–posterior polarity in the embryos is not
stablished (Waldrip et al., 1998). Interestingly, the smad2-
eficient extraembryonic region does not support wild-type
piblast development to form embryonic mesoderm
Waldrip et al., 1998) and a wild-type extraembryonic region
escues the gastrulation phenotype of smad4-deficient em-
ryos (Sirard et al., 1998). In addition, an Alk4-deficient
xtraembryonic region does not support wild-type epiblast
evelopment (Gu et al., 1998). These results indicate that
GF-b superfamily members are essential for the function
f the extraembryonic region for normal embryonic devel-
pment.
Little is known about how TGF-b superfamily members
regulate the function of the extraembryonic region during
gastrulation. One possibility is that they act as growth
regulators. TGF-b regulates cell cycle progression through
dk inhibitors (Polyak et al., 1994; Reynisdottir and Mas-
ague´, 1997). It has been suggested that BMP-2 acts as a
itogen for the extraembryonic region and a reduced pro-
iferation of extraembryonic mesoderm in Bmp2-deficient
mbryos causes the failure of proamniotic canal closure
Zhang and Bradley, 1996). Also, Alk3-deficient embryos
ave less proliferative ability in the epiblast prior to the
astrulation (Mishina et al., 1995). Taken together, signal-
ng through Alk2 may regulate cell proliferation of the
xtraembryonic region to support normal gastrulation. The
ther exciting possibility is that Alk2 signals cause the
xtraembryonic region to have inductive capabilities for the
mbryonic region. Analysis of downstream target genes of
lk2 signaling in the extraembryonic region should provide
nsights for its role in mammalian gastrulation.
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